Vibrio vulnificus is a Gram-negative halophilic bacterium that causes primary septicemia and necrotizing wound infections with a high mortality rate in susceptible individuals. V. vulnificus possesses a variety of virulence factors, including acid neutralization, capsular polysaccharide expression, iron acquisition, cytotoxicity, motility, and expression of proteins involved in attachment and adhesion. The concerted expression of the virulence factors is likely required for pathogenesis and appears to be under the control of global regulators.
Vibrio vulnificus is a Gram-negative halophilic bacterium that causes primary septicemia and necrotizing wound infections with a high mortality rate in susceptible individuals. V. vulnificus possesses a variety of virulence factors, including acid neutralization, capsular polysaccharide expression, iron acquisition, cytotoxicity, motility, and expression of proteins involved in attachment and adhesion. The concerted expression of the virulence factors is likely required for pathogenesis and appears to be under the control of global regulators. 1) V. vulnificus possesses multiple iron-uptake systems (IUSs), all of which are being considered as virulence factors. 1) V. vulnificus produces a catechol-type siderophore (called vulnibactin) and hydroxamate siderophore for iron acquisition in iron-deficient conditions.
2) The ability of V. vulnificus to utilize transferrin-bound iron is mainly dependent on the activity of vulnibactin or vulnibactin receptor (VuuA)-mediated IUS. [3] [4] [5] V. vulnificus also possesses a heme receptor (HupA) for direct acquisition of iron from various heme proteins. 6) In addition, V. vulnificus can utilize heterologous siderophores, including deferoxamine and Escherichia coli aerobactin, via DesA-and IutA-mediated IUSs. [7] [8] [9] These IUSs are all negatively regulated by iron via ferric uptake regulator (Fur), a transcriptional repressor. [4] [5] [6] [7] [8] [9] Most recently, it has been demonstrated that the IUSs are under the positive control of cyclic AMP-receptor protein. 10, 11) Quorum sensing (QS) is a process of bacterial cell-to-cell communication involving the production and detection of extracellular signaling molecules called autoinducers (AIs), and allows populations of bacteria to collectively control gene expression, and thus synchronize group behavior for better survival. Particularly, AI-2 is considered to be universal language for interspecies communication. 12, 13) V. vulnificus harbors the AI-2-mediated QS system (AI-2-QSS), which is one of the LuxS/LuxR-type systems.
14) AI-2-QSS can be simplified into the two steps, AI-2 production and AI-2 signaling. AI-2 synthesis is under the control of LuxS, which is also a metabolic enzyme responsible for methionine synthesis. 15) AI-2 signaling is transmitted to SmcR (LuxR) via LuxO and LuxT. 16) As in other pathogens, 12, 13) AI-2-QSS affects the expression of several virulence or survival factors in V. vulnificus. 17, 18) A direct link between QSS and IUS expression has been documented in Pseudomonas aeruginosa. 19) Various and intricate links between LuxS or AI-2-QSS and IUS expression have been reported in some bacteria. [20] [21] [22] [23] [24] [25] [26] However, the presence of such links remains undetermined in V. vulnificus. AI-2 production through the enzymatic action of LuxS is the prerequisite step for AI-2 signaling. Therefore, we first investigated the effect of a luxS mutation on vuuA, iutA or hupA expression in this study.
MATERIALS AND METHODS
Bacterial Strains, Plasmids, Primers, Media, and Reagents The bacterial strains, plasmids, and primers used in this study are listed in Table 1 . Luria-Bertani medium (BD, Sparks, MD, U.S.A.) and Thiosulfate-Citrate-Bile-Sucrose medium (BD) with or without appropriate antibiotics were used for selection and subculture of recombinant strains. Heart Infusion (HI; BD) agar or broth containing additional 2.0% NaCl was used as the basal medium for the cultivation of V. vulnificus strains. HI broth was deferrated using 8-hydroxyquinoline. 31) The residual iron concentration of the deferrated HI broth was 1.0 mg/dl or less. 32) V. vulnificus growth was severely impaired at that iron concentrations. Accordingly, various concentrations of ferric chloride (FC) were added to the deferrated broth to support V. vulnificus growth. Finally, the deferrated HI broth containing 5 mM FC was used as an iron-deficient (ID) broth and the deferrated HI broth containing 25 mM FC was used as an iron-sufficient (IS) broth, because there was a big difference in IUS expressions with no big difference in growth between the two broths. Partially iron-saturated transferrin (300-600 mg of iron per 1 g of protein) was used as a transferrin-bound iron source, and hemoglobin as a heme iron source. As an ironchelator, a,aЈ-dipyridyl was added to normal HI broth, and this dipyridyl-HI broth was used only for the preconditioning of V. vulnificus strains. Unless otherwise stated, all other reagents were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.).
Construction of Reporter Strains As described in our previous work, 5) a merozygotic P vuuA ::lacZ transcriptional reporter strain RC130 was constructed using pQF52 with promoterless lacZ and pDM4 suicide vector with R6K origin. 29, 30) Using the same methods, the plasmid pRC126 containing a P vuuA ::lacZ transcriptional fusion was introduced into CMM2202 and CMM2210, yielding RC136 and RC216, respectively.
A merozygotic P iutA ::lacZ transcriptional fusion and a merozygotic P hupA ::lacZ transcriptional fusion were also constructed using the same methods. In brief, an 800-bp fragment from Ϫ744 to ϩ39 bp from the iutA start codon was amplified using polymerase chain reaction (PCR) primers, iutA-up-1 with BglII overhang and iutA-rep-R with HindIII overhang. The amplified fragment was subcloned into pQF52. From the resulting plasmid pRC140, a BglII-ScaI fragment containing a P iutA ::lacZ fusion was subsequently subcloned into pDM4 yielding pRC142. The plasmid pRC142 containing a P iutA ::lacZ transcriptional fusion was introduced into CMM2101, CMM2202 and CMM2210, yielding RC146, RC152 and RC218, respectively. A 916-bp fragment from Ϫ881 to ϩ19 bp from the hupA start codon was amplified using PCR primers, hupA-rep-F with BamHI overhang and hupA-rep-R with KpnI overhang. The amplified fragment was subcloned into pQF52. From the resulting plasmid pRC116, a BamHI-ScaI fragment containing a P hupA ::lacZ fusion was subsequently subcloned into pDM4 yielding pRC124. The plasmid pRC124 containing a P hupA ::lacZ transcriptional fusion was introduced into CMM2101, CMM2202 and CMM2210, yielding RC120, RC126, and RC228, respectively. Other procedures were described in our previous study.
5)
Growth Condition and b b-Galactosidase Activity Measurement V. vulnificus strains were preconditioned by culturing in HI broth containing 100 mM dipyridyl at 37°C overnight for adaptation to iron-restricted conditions. The preconditioned strains were transferred to test broths at a density of 1ϫ10 6 cells/ml, and cultured with vigorous shaking at 37°C for 12 or 24 h. Culture aliquots were withdrawn at appropriate times during culture to measure bacterial growth and b-galactosidase activity. Bacterial growth was measured by the optical density of culture aliquots at 600 nm (OD 600 ). b-Galactosidase activity (Miller unit) in culture aliquots was measured as previously described.
33)
Recombinant VuuA, IutA and HupA Proteins The coding region of vuuA was amplified using the PCR primers His-vuuA-F with BamHI overhang and His-vuuA-R-2nd with HindIII overhang. The resulting 1878-bp BamHIHindIII fragment was cloned into the pET-30a(ϩ) expression vector (Novagen, Germany). The resulting plasmid pRC190 was transformed into E. coli DH5a and BL21 (DE3). In E. coli BL21 (DE3), the 6ϫ His-tagged VuuA fusion protein was over-expressed at 37°C for 3 h by 0.5 mM isopropyl-1-thio-b-D-galactopyranoside. The bacterial pellet was suspended in phosphate-buffered saline (PBS, pH 7.2) and sonicated on an ice bath at an amplitude of 30% with a sonicator (Vibra Cell TM microtip, Model VCX500, Sonics & Materials). Cell-free supernatant was removed by centrifugation at 10000ϫg for 30 min, and the remaining pellet was washed with 0.5% Triton X-100 and PBS, and solubilized with 8 M urea solution containing 10 mM Tris (pH 8.0), 0.5 M NaCl and 5 mM imidazole. After incubation for 1 h at room temperature, cell debris was removed by centrifugation at 10000ϫg for 30 min, and the supernatant was loaded to equilibrated Ni-NTA agarose columns. The resulting matrix was fully washed with 8 M urea solution. The 6ϫ His-tagged VuuA fusion protein was eluted with 8 M urea solution with 50 or 250 mM imidazole, and then analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Recombinant IutA or HupA protein was prepared by the same methods. In brief, the coding region of iutA was amplified using the PCR primers His-IutA-F with BamHI overhang and His-IutA-R with EcoRI overhang. The resulting 2034-bp BamHI-EcoRI fragment was cloned into the pET30a(ϩ) expression vector (Novagen) yielding pRC188. The coding region of hupA was amplified using the PCR primers His-hupA-F with BamHI overhang and His-hupA-R with EcoRI overhang. The resulting 1626-bp BamHI-EcoRI fragment was cloned into the pET-30a(ϩ) expression vector (Novagen) yielding pRC192.
Polyclonal Anti-VuuA, Anti-IutA, and Anti-HupA Antibodies The His-tagged VuuA, IutA, or HupA fusion protein was mixed with complete or incomplete Freund's adjuvant, and then injected into a New Zealand White rabbit. After three repeated injections at 3-week intervals, blood was collected via cardiac puncture, and serum was separated after centrifugation at 4°C and filtration. To remove cross-reacting antibodies, the serum was thoroughly adsorbed using cell lysate obtained from a VuuA-, IutA-, or HupA-deficient mutant [in manuscript preparation].
Western Blot V. vulnificus strains were preconditioned and cultured as described above. Bacterial pellets containing approximately 1ϫ10 8 cells were boiled for 10 min to obtain cell lysates. The cell lysates were electrophoresed on 10% SDS-PAGE gels, and the separated proteins were transferred to nitrocellulose transfer membranes (PROTRAN, Whatman GmbH, Germany). The membrane was incubated with blocking solution at 4°C overnight, allowed to react with rabbit polyclonal anti-VuuA, anti-IutA, or anti-HupA antibody (1 : 250) as the primary antibody and then with the secondary antibody anti-rabbit immunoglobulin G (IgG) conjugated with alkaline phosphatase (1 : 15000), and finally visualized with 5-bromo-4-chloro-3-indolylphosphate-nitroblue tetrazolium substrate solution.
Statistical Analysis Values are the means of triplicate samples from a representative of the three independent experiments showing the same tendency. If necessary, Student's t-test was used to determine the statistical significance of differences between means.
RESULTS

Effect of a luxS Mutation on the Ability of V. vulnificus to Grow in Iron-Deficient Conditions
The effect of a luxS mutation on the growing ability of V. vulnificus in iron-deficient conditions was determined by using the strains M06-24/O with wild-type luxS, CMM2201 with a luxS mutation, and CMM2211 with an in trans luxS complementation (Table 1 ). No remarkable difference in growing ability among the three strains was observed when they were cultured in ID and IS broths (Fig. 1) , as well as in deferrated broths containing 0.5 mg/ml of partially iron-saturated transferrin or hemoglobin (data not shown).
Effect of a luxS Mutation on VuuA, IutA, and HupA Production The effect of a luxS mutation on VuuA, IutA, and HupA production was determined using the strains M06-24/O with wild-type luxS, CMM2201 with a luxS mutation, and CMM2211 with an in trans luxS complementation ( Table  1 ). The production levels of VuuA, IutA, and HupA in the whole cell lysates were compared using Western blot. VuuA, IutA, and HupA were all observed only in ID broth (Fig. 2) but not in IS broth (data not shown). The VuuA production level was decreased, but the IutA and HupA production levels were increased by a luxS mutation (CMM2201). These changes were all restored to the levels of M06-24/O by a luxS complementation (CMM2211).
Effect of a luxS Mutation on vuuA, iutA or hupA Transcription The effect of a luxS mutation on vuuA, iutA and hupA expression was determined using the three strains with a merozygotic P vuuA ::lacZ fusion (RC130 with wild-type luxS, RC136 with a luxS mutation and RC216 with an in trans luxS complementation), the three strains with a merozygotic P iutA ::lacZ fusion (RC146 with wild-type luxS, RC152 with a luxS mutation, and RC218 with an in trans luxS complementation), and the three strains with a merozygotic P hupA ::lacZ fusion (RC120 with wild-type luxS, RC126 with a luxS mutation and RC228 with an in trans luxS complementation (Table 1) . No remarkable difference in growth levels was observed among the above strains (data not shown). The vuuA transcription levels on a per-cell basis were significant higher in ID broth than in IS broth (pϽ0.05), and continually increased with increasing bacterial density (Fig. 3A) . The vuuA transcription was significantly downregulated from the exponential growth phase by a luxS mutation (RC136) (pϽ0.05). The decreased vuuA transcription was restored to the level of RC130 by a luxS complementation (RC216). Similarly, the iutA or hupA transcription levels on a per-cell basis were significantly higher in ID broth than in IS broth (pϽ0.05), and continually increased with increasing bacterial density (Figs. 3B, C) . However, the iutA and hupA transcriptions were significantly increased by a luxS mutation in RC152 and RC126, respectively (pϽ0.05). The increased iutA and hupA transcriptions were restored to the levels of RC146 and RC120 by a luxS complementation in RC218 and RC228.
DISCUSSION
The present study shows that AI-2-QSS is likely to modulate the expression of genes associated with iron assimilation in V. vulnificus.
AI-2-QSS bears the unique feature of contributing to metabolism. 12, 13) LuxS itself is an iron-containing metabolic enzyme which is involved in the production of methionine synthesis or AI-2 (furanone) production. Iron is an essential element in metabolism and IUS expression may be affected by metabolic states. 34) Accordingly, the deficiency of LuxS may cause metabolic alteration and thus perturbation in bacterial fitness, which may indirectly affect IUS expression. This possibility cannot be completely excluded by the results in this study. However, a luxS mutation had no noticeable effect on V. vulnificus growth although it modulated IUS expression in this study. In a previous study, 15) a luxS mutation modulated the expression of virulence factors and low- 634 Vol. 34, No. 5
Fig. 1. Effect of a luxS Mutation on the Growing Ability of Vibrio vulnificus in the Iron-Deficient and Iron-Sufficient Broths
The three V. vulnificus strains, M06-24/O with wild-type luxS, CMM2201 with a luxS mutation, and CMM2211 with an in trans luxS complementation, were preconditioned by culturing in HI broth containing 100 mM dipyridyl at 37°C overnight to adapt to low iron conditions. The preconditioned V. vulnificus strains were transferred to iron-deficient broth (filled symbols) and iron-sufficient broth (open symbols) at a density of 1ϫ10 6 cells/ml, and cultured with vigorous shaking at 37°C for 12 h. During the cultures, culture aliquots were withdrawn at the indicated times after culture initiation to measure bacterial growth. The growth level was measured by optical density at 600 nm (OD 600 ) of the culture aliquots. A representative of the three independent experiments with the same tendency is shown.
Fig. 2. Effect of a luxS Mutation on VuuA, IutA and HupA Productions in Vibrio vulnificus
The three V. vulnificus strains, M06-24/O with wild-type luxS, CMM2201 with a luxS mutation and CMM2211 with an in trans luxS complementation were preconditioned and cultured in iron-deficient broth as in Fig. 1 . The bacterial pellets containing approximately 1ϫ10ered virulence against mouse although it did not affect V. vulnificus growth. These findings suggest that the effect of LuxS absence on metabolism may be too trivial to affect V. vulnificus growth.
LuxS is also involved in AI-2 production, and AI-2 signaling is known to be converged to SmcR via LuxO and LuxT in V. vulnificus. 15, 16) This implies that more wide-ranged phenotypic changes may be caused by a luxS mutation rather than by a luxO, luxT or smcR mutation. In this study, therefore, IUS expression was observed in the luxS-mutated background, as in other bacteria. [20] [21] [22] [23] [24] A luxS mutation slightly decreased vuuA expression, but slight increased iutA or hupA expression at the protein level as well as at the transcription level. These findings primarily suggest that V. vulnificus AI-2-QSS may be involved in the fine or partial modulation of IUS expression although it is not a major regulator. V. vulnificus AI-2-QSS is known to be involved in a cooperative response for better survival 17, 18) and in the coordinate regulation of virulence by positively regulating expression of vvpE encoding metalloprotease VvpE, but negatively regulating expression of vvhA encoding cytolysin/hemolysin VvhA. 15) In a similar fashion, V. vulnificus AI-2-QSS may coordinately modulate IUS expression.
Diverse and intricate links between LuxS (or AI-2-QSS) and IUS expression have been reported in a few bacteria. In Porphyromonas gingivalis, 20, 21) a luxS mutation decreased expressions of some genes including tlr encoding a hemin binding protein and increased expression of other genes including hmuR encoding another hemin binding protein.
The luxS mutation resulted in slight impairment of P. gingivalis growth in an iron-deficient condition. This differential regulation of IUSs by a luxS mutation was also observed in Actinobacillus actinomycetemcomitans. 22, 23) In V. harveyi, 24) LuxO and RpoN (s 54 ), which are activated or phosphorylated at low cell density in the absence of AI-2, have a role in activating siderophore production via unknown mechanism(s), but neither LuxO nor RpoN is necessary for growth on an iron-deficient medium. In V. alginolyticus, 25) a luxO mutation decreases siderophore production, but an rpoN mutation increases siderophore production.
Like other pathogenic bacteria, 35, 36) V. vulnificus possesses multiple IUSs 1) and each IUS may play a different role in group behaviors or better survival of V. vulnificus under irondeficient stressful conditions. In this study, a luxS mutation slightly decreased vuuA expression but slightly increased iutA or hupA expression. This finding suggests that VuuAmediated IUS may play a more important role in group behaviors or better survival than the other IUSs. However, a luxS mutation had no noticeable effect on growth in irondeficient conditions. This contradiction remains unexplainable at this time, as the function of IutA-mediated IUS has not been determined yet although the function of VuuA-and HupA-mediated IUSs is relatively well documented. So, we are now studying the function of IutA-mediated IUS in the presence or absence of VuuA-or HupA-mediated IUS.
To our knowledge, this study is the first to present a link between LuxS and IUS expression in V. vulnificus. Therefore, further studies on whether the LuxS-mediated modulation of IUSs occurs in conjunction with or independently of LuxO, LuxT, or SmcR, all of which are essential for AI-2 signaling, are necessary.
